The size, aspect ratio and direction angle of the Si particles in the stir zone were investigated for the ADC12 FSW joints to analyze the material flow in the stir zone by quantification of three elements (size, aspect ratio and direction) under various welding conditions. The number of finer Si particles increases with the increasing welding speed, whereas, the change in the number of finer Si particles is not simple when the rotation speed is varied. The stirring action during the FSW is appraised by the size of the Si particles. The aspect ratio of the particles increases with the increasing size of the particles. The welding conditions also influence the direction angle of the Si particles. Under the proper conditions, the flow directions of the Si particles in the top and bottom are horizontally aligned, while they are longitudinally aligned on the retreating side and advancing side. However, under insufficient heat input conditions, the material flow becomes random in the bottom and retreating side regions. Under abnormal stirring conditions, on the other hand, it is random on the advancing side and top regions, even though a defect forms on the advancing side in both cases. This kind of identification of the material flow might be very useful to determine the optimal welding conditions by avoiding any defect formation.
Introduction
Friction stir welding (FSW) was developed at The Welding Institute (TWI) in 1991.
1) The material flow behavior in the stir zone is very important in this solid-state welding process. As for the material flow, several investigations have been carried out. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In these studies, the material flow patterns were investigated by various methods such as dissimilar welding, 2, 3, 10) the insert marker technique (IMT), 4, 5, 9, 11) the orientation imaging microscopic (OIM) analysis, 6, 8, 13) and the finite element simulation. 7, 12) Li et al. 3) reported complex flow patterns in dissimilar welds of 2024 Al to 6061 Al, which were visualized by optical microscopy (OM) due to the different etchings of the two aluminum alloys. The complex patterns illustrate solidstate flow in intercalated vortices both parallel and perpendicular to the tool axis. By Reynolds, 5) flow visualization was performed for the 2195-T8 Al alloy using an embedded maker material of a 5454-H32 sheet. Colligan 4) demonstrated the material flow of the 6061-T6 and 7075-T6 plate. Small steel balls were used as a tracer material embedded at different positions within the butt joint welds of the two aluminum alloys. It is allowed that the tracer line technique produced a comprehensive depiction of material movement in friction stir welds. Sato et al. 6) reported that the microtextures in a friction stir weld of the 6063 Al alloy have been analyzed by OIM. They examined the texture in the recrystallized zone, and found that the texture evolution is associated with the deviator stress states. From these various methods, the following characteristics were mainly found about the material flow during the FSW.
(1) The material flow patterns are visualized complex vortex, swirl features in the cross section of the FSW joints. 2, 3, 9, 10, 13) From the results of Seidel et al., 9) material is pushed downward on the advancing side and moved upward toward the top on the retreating side within the probe diameter on the cross section perpendicular to the welding direction. Thus, the material flow is seen as asymmetric during the FSW. (2) Colligan 4) showed that the steel ball, which was inserted on the advancing side, moved along the rotation direction of the probe, and finally diffused on the retreating side. On the contrary, the steel ball, which was inserted on the retreating side, moved backward without the effect of the rotation of the probe. Apart from the rotating probe, the materials are transported straight along the welding direction in the regions, although the materials are transported along the probe surface near the probe. 6) The materials pass behind the rotating probe from the retreating side to the advancing side. 5, 7, 11) Field et al. 8) investigated the texture components of the weld at the top plane, the midplane, and the bottom plane. The dominant shear direction is aligned with the tangent to the rotating tool at any position. ( 3) The defect formation mechanism is dominated by the material flow in the stir zone. Liming et al. 12) presented the cavity model which relates the material flow during the FSW. If the material does not flow fast enough to fill the cavity, a hole may be formed at the weld center or near the advancing side, when the travel speed is too fast or the probe rotation is too slow. However, a complete understanding about the material flow phenomena has not been achieved, because different explanations are still being made by different researchers. Accordingly, the aim of this study is to investigate in detail the material flow in the stir zone by analyzing the distribution measurement of the Si particles in ADC12 alloy using the image processing method. In order to clarify the defect formation mechanism in the stir zone, the effect of the welding parameters, such as the welding speed and the rotation speed, on the material flow phenomena during the FSW is also evaluated.
Experimental Procedures
Four mm thick plates of an ADC12 aluminum die casting alloy were used in this study. The gas content of the plate was about 2.6 mL/100 g Al. Table 1 is the chemical composition of the base material.
I-groove butt welding (50 mm(w) Â 300 mm(l) Â 2 piece) was performed using a load control type of FSW machine. The FSW tool is a columnar shape with a screw probe. SKD61 was used as the tool material. Table 2 shows the tool sizes and welding conditions. The tilt angle was 3 degrees, and the tool plunge downforce was 14.2 kN. The tool rotation speed in a clockwise direction and the welding speed were changed from 500 to 1750 min À1 and from 250 to 1000 mm/min, respectively. The plate top surface and groove surface were degreased with acetone just prior to welding. Mild steel was used as the backing plate.
After FSW, a metallurgical inspection was performed on the cross-sections of the FSW joints. They were polished and etched with a 5% hydrofluoboric acid (HBF 4 ) water solution for the scanning electron microscope (SEM) observations. In order to examine the material flow in the stir zone, the size, the aspect ratio and the direction angle of the Si particles were measured by the image processing method (Image-Pro Plus ver. 4.0). In order to reduce the statistical error, five photographs were taken and quantified in each region. The aspect ratio is a value of the major axis divided by the minor axis of the closest ellipse shape. The direction angle is defined as the angle between the major axis of the particle and the Y-axis (a vertical line). A 0 degree direction angle denotes an upward direction. When the direction angle is 90 degrees, the major axis of the particle is perpendicular to the Y-axis. Figure 1 is a schematic illustration of the observation position of the Si particle distribution in the stir zone. Figure 2 shows SEM images of the Si particle distributions in the parts of (a) the top, (b) the retreating side, (c) the middle, (d) the advancing side and (e) the bottom in the stir zone of a joint, obtained at 14.2 kN, 1250 min À1 and 250 mm/min. It is found that the shape of the Si particles in the top is more elongated than that in the other regions. It is thought that the shape of the Si particles should be affected by the temperature and the plastic flow. When the temper- ature is higher, the Si particles should be more difficult to break down due to the lower resistance of the plastic flow. In order to clarify the effect of the temperature increase only, a heat treatment was conducted on the base metal at 723 K for 5 min and 3 h. The heat treatment condition was determined using the measured welding temperature of ADC12 during the FSW. 14) Figure 3 shows SEM images of the size and the distribution of the Si particles in each part of the base metals and that of the heat-treated base metal. There is no significant effect of the heat treatment; it is almost the same in all regions of the base metal. Figure 4 shows the optimum FSW conditions of ADC12 at the tool plunge downforce of 14.2 kN. 18) Within the range of the optimum conditions, the rotation speed and welding speed were changed in order to investigate the change in the flow pattern. Figure 5 shows cross sections for all the experimental conditions. The effect of the welding parameters on the size, the aspect ratio and the direction angle of the Si particles for each FSW condition will be discussed in detail in sections 3.2, 3.3 and 3.4.
Results and Discussion

Distribution of Si particles in the stir zone
3.2 Effect of welding parameters on size of Si particles 3.2.1 Effect of welding speed Figure 6 shows the size distribution of the Si particles at various welding speeds. In order to diminish the statistical error, five photographs were taken and quantified in each region. The number of finer Si particles decreases with the lower welding speed. Particularly, in the top region, the number of finer Si particles decreases at the lower welding speed of 250 mm/min compared to the higher welding speed of 750 mm/min. This indicates that the Si particles are not easily reduced in size because the heat input of the top increases and the flow resistance decreases due to the lower welding speed. However, at 1000 mm/min, the number of the finer Si particles decreases in the top region. This is because a cavity is formed in the bottom region of the advancing side and the heat is accumulated in the top region. In this case, the Si size is also very small on the advancing side, which is located near the defect. Figure 7 shows the probabilities of the diameter distribution of the Si particles at various welding speeds. The probability is defined as the number divided by the total number of Si particles for each position. It is surprising that the probabilities of the finer Si particles are not significantly changed in all regions at a welding speed from 250 to 750 mm/min, though the numbers themselves are significantly changed. These results indicate that an identical phenomenon occurs for all conditions. Only at the higher welding speed of 1000 mm/min, however, the probability of the finer Si particles decreases in the top region and increases in the retreating and bottom regions, which is due to the defect formation. Figure 8 shows the size probability of the Si particles on a logarithmic scale at various welding speeds. Note that these probabilities are almost symmetrical on the logarithmic size scale. This result indicates that the crumbling of the Si particles is the only main mechanism for decreasing the Si size. When one large Si particle is broken into two pieces, two small particles are formed. In this case, the number of particles increases. Thus, it is natural, for example, that the number of particles with eight times the volume is one eighth of the number of smaller particles. 15, 16) Consequently, the distribution of the Si particles is symmetrical on a logarithmic scale when the crumbling of the Si particles is the only main mechanism for decreasing the Si size. It is known that a similar distribution (Gaussian distribution) is generally obtained on a logarithmic scale for the size distribution of metal powder. Figure 9 shows the size distribution of the Si particles at various rotation speeds. At the lower rotation speed of 500 or 750 min À1 , the number of finer Si particles in the bottom region is larger than that of the other regions. Under these conditions, the Si particles easily break down in the bottom region due to the lower temperature. The change in the number of finer Si particles is not simple, when the rotation speed is varied from 750 to 1750 min À1 . It is considered that the rotation speed influences the plastic flow rate as well as the heat input. The Si particle size should increase with the increasing heat input, as discussed in the previous section (Effect of welding speed). However, the size should decrease with the increasing flow rate, because the stirring effect increases. Based on the two different effects, the number of Si particles decreases when the rotation speed is changed from 750 to 1250 min À1 , but it increases when the rotation speed is changed from 1250 to 1500 min À1 . At the higher rotation speed of 1750 min À1 , the number of finer Si particles in the top region decreased, because the welding conditions are similar to the conditions under which abnormal stirring occurs near the sample surface.
17)
Effect of rotation speed
18) Also, the Si particles in the middle region are smaller than that of the other regions, because the temperature is higher even in the middle region under this condition. On the contrary, at the lower rotation speed of 500 min À1 , a long crack is formed in SZ. The size of the Si particles in the bottom and middle regions are much smaller than the other regions, because the temperature is lower even in the middle region under this condition. Figure 10 shows the probabilities of the diameter distribution of the Si particles at various rotation speeds. It is surprising that the probabilities of the finer Si particles are not significantly changed in all regions, when the rotation speed is varied from 750 to 1750 min À1 , similar to the welding speed. This result indicates that an identical phenomenon, namely break down of the Si particles, occurs under all conditions. When a logarithmic scale is used, the distribution is almost symmetrical, as in changing the welding speed. Figure 11 shows the aspect ratio distribution of the Si particles at various welding speeds. The number of smaller aspect ratio particles decreases in all regions with the lower welding speed. The lower aspect ratio indicates that the particles are significantly crumbled. By comparing Figs. 11 with 6, it is easily realized that when the Si particles are significantly crumbled by a strong stirring action, both the size and aspect ratio are decreased. At the lower welding speed of 250 mm/min, the smaller aspect ratio is decreased in the top and middle regions. At the higher welding speed of 1000 mm/min, the elongated Si particles are increased only in the top region due to the defect formation. Figure 12 shows the aspect ratio distribution of the Si particle at various rotation speeds. A similar tendency can be seen when the heat input is higher, that is, the particles are more elongated and larger. When the heat input is much higher, namely, when the rotation speed is at 1500 min À1 or higher, the ratio of the particle with the aspect ratio of 2.0 is higher. This is related to the fact that the number of finer particles increases at 1500 min À1 . At the higher rotation speed of 1750 min À1 , the smaller aspect ratio as well as the number of smaller particles decrease in the middle region, because the heat input is large enough and the welding conditions are similar to the conditions under which the abnormal stirring occurs near the sample surface. 18) 3.4 Effect of welding parameters on direction angle of Si particles 3.4.1 Effect of welding speed Figure 13 shows the direction angle probabilities of the Si particles at various welding speeds. The direction angle is defined as the angle between the major axis of the particle and the Y-axis (a vertical line). When the direction angle is 90 degrees, the major axis of the particle is perpendicular to the Y-axis. The welding speed influences the direction angle of the Si particles in the bottom region, whereas, it significantly does not in the top region. The most probable direction angle is constant at about 90 degrees in the top region at any welding speed. In the bottom region, on the other hand, the most probable direction angle changes from about 80 degrees in the bottom region at 250 mm/min, which moves to the lower angle with the increasing welding speed.
Effect of welding parameters on aspect ratio of Si particles
The directions of the Si particles in the advancing and retreating sides are also almost constant at 0 or 180 degrees at any welding speed. However, when the cavity is formed in the advancing side of the stir zone at the higher welding speed of 1000 mm/min, the direction angle of the Si particles is random on the advancing side. Due to the defect formation, the material flow on the advancing side is separated from the material flow of the entire stir zone. Figure 14 is a schematic illustration of the material flow in the stir zone at various welding speeds. The flow directions in the stir zone are shown by the arrows. In fact, the material flow should be three-dimensional during FSW. However, in this study, Si particle direction of the stir zone is observed on the cross section of the specimen. Accordingly, the flow shown in Fig. 14 indicates a flow vector on the cross section plane. The material flow is attenuated on the advancing side of the cross section at the higher welding speed of 1000 mm/min. This kind of identification of the material flow might be very useful to determine the optimal welding conditions by avoiding the defect formation. Figure 15 shows the direction angle probabilities of the Si particles at various rotation speeds, and Figure 16 shows the estimated schematic illustration of the material flow in the stir zone from the results.
Effect of rotation speed
At the lower rotation speed of 750 min À1 , the direction angle was random in the bottom region. This result indicates that the particular material flow does not easily occur due to the lower heat input at the lower rotation speed, although the Si particles have significantly crumbled, as mentioned in the previous section. At 500 min À1 , the direction angle was random both in the bottom and retreating regions, which indicated a discrete flow in these regions. Under such conditions, a defect is formed due to the insufficient heat input.
At the higher rotation speed of 1750 min À1 , the direction angle is random on the advancing side. This condition should be near the conditions where abnormal stirring occurs near the sample surface, as mentioned in the next section. With a somewhat higher heat input, the symmetrical characteristic of material flow becomes better.
3.5 Effect of defect formation by abnormal stirring on Si particle distribution Because of the rotation speed limit of 1750 min À1 for the FSW machine, FSW was performed at 14.2 kN, 1500 min À1 and 750 mm/min. Figure 17 shows the size and aspect ratio distribution of Si particles in the stir zone. Under this condition, the cavity was formed in the stir zone due to the abnormal stirring, 8) as shown in Fig. 5 . The number of finer Si particles is smaller than that under the defect formation conditions due to an insufficient heat input. This means that the Si particles are not easily crumbled due to the abnormal stirring action. Figure 18 shows the direction angle probability and a schematic illustration of the material flow in the stir zone under the same condition as in Fig. 17 . The direction angle is significantly random in the top region. This result indicates that an abnormal stirring action occurs. Although at the distance of 2.4 mm from the center on the advancing side, the directions of the Si particles are almost constant at 0 or 180 degrees, the direction angle is random on the advancing side at the distance of 1.8 mm from center near the cavity. This material flow is very similar to that under the conditions of 1250 min À1 -1000 mm/min and 1750 min À1 -500 mm/min. On the other hand, under insufficient heat input conditions, such as 500 min À1 -500 mm/min and 750 min À1 -500 mm/ min, shown in Fig. 16 , the material flow in the bottom and retreating side regions becomes random.
Conclusions
An aluminum die casting alloy ADC12 was joined under various welding conditions by FSW. The effect of welding parameters on the material flow in the stir zone for the FSW joints was investigated in detail. As a result, the following conclusions were reached.
(1) The size and aspect ratio of the Si particles decrease with the increasing welding speed, because Si particles easily break down at a lower temperature. They are not simply changed when the rotation speed is changed because both the heat input and the plastic flow rate are simultaneously changed. (2) The probabilities of the Si particle size distribution are almost the same in all regions, even when the welding speed or the rotation speed is varied. This result indicates that an identical phenomenon occurs to decrease the Si particles. The main phenomenon should be crumbling Si particles due to stirring by the tool because the size distribution of the Si particles is symmetrical on a logarithmic scale for all conditions. (3) Under the proper conditions, the flow directions of the Si particles in the top and bottom are horizontally aligned, while they are aligned longitudinally on the retreating side and advancing side. The directions reflect the material flow during the FSW. (4) Under insufficient heat input conditions, the material flow becomes random in the bottom and retreating side regions. Under the abnormal stirring conditions, on the other hand, it is random in the advancing side and top regions, even though a defect forms in the advancing side in both cases. This kind of identification of the material flow might be very useful to determine the optimal welding conditions by avoiding defect formation. 
